a-Catenin is an intracellular protein that associates with the carboxy-terminal region of cadherin, a cell adhesion molecule, via b-catenin or c-catenin (plakoglobin). Linkage of cadherin to the cytoskeleton by catenins is required for full cadherin activity. Following transfection of an a-catenin-deficient colon carcinoma cell line with a series of a-catenin constructs, we discovered that the restoration of a-catenin expression results in reduced proliferation in three-dimensional multicellular spheroids, but not in twodimensional monolayer cultures. The cellular function of a-catenin has not been compared between cells in threeand two-dimensional culture; this is the first evidence that growth regulation in three-dimensional cultures requires signaling mediated by a-catenin. Two classes of constructs, containing deletions in either the central segment or the COOH terminus of the molecule, both induced morphological changes, including cell compaction, and suppressed cell growth in three-dimensional cultures. In a-catenin-expressing cells, inhibition of cadherin cell adhesion by treatment with anti-E-cadherin antibodies resulted in a similar phenotype as that observed following the loss of a-catenin. Therefore, both the homophilic interaction of the cadherin extracellular domain and the linkage of the cadherin cytoplasmic domain to the actin cytoskeleton by a-catenin are necessary for growth control in three-dimensional culture.
Introduction
Recently, a three-dimensional cell culture system demonstrated that the activation of ErbB2 receptor, tyrosine phosphorylation after dimer formation, releases epithelial cells from growth arrest. Activation of a closely related receptor, ErbB1, does not (Muthuswamy et al., 2001) . These excitatory qualities were unexpected because both receptors stimulate similar levels of proliferation in standard two-dimensional dish cultures. Another example of the differential effect of signaling pathways on three-dimensional cultures is 'multicellular resistance' to chemotherapeutic agents. A mouse mammary carcinoma cell line that is resistant to alkylating agents in vivo displayed the in vivo-like drug resistance phenotype in three-dimensional culture or multicellular spheroids (Kobayashi et al., 1993) . In contrast, cells grown in monolayer culture do not demonstrate any increased resistance (Teicher et al., 1990) . These results indicate that a three-dimensional culture system can reveal a subset of biological activities that cannot be examined in vitro by standard monolayer cultures. The in vitro three-dimensional cell cultures, in which cells are allowed to form multicellular spheroids, likely more closely mimics in vivo conditions than two-dimensional monolayer cultures (Sutherland, 1988) . In addition, the differences between the two culture systems may provide us with insights into the molecular mechanisms governing gene function. Thus, the investigation of cells in three-dimensional cultures is critical for a complete understanding of gene and gene product function.
Here, we demonstrate that the restoration of acatenin expression in a-catenin-deficient cells resulted in reduced proliferation in three-dimensional multicellular spheroids, but not in two-dimensional monolayer cultures. a-Catenin, a 102-kDa intracellular protein, interacts with the conserved cytoplasmic domain of cadherin, a cell adhesion molecule. This interaction occurs via b-and/or g-catenin (plakoglobin). Without a-catenin, cells are unable to associate tightly, despite sufficient cadherin expression (Watabe et al., 1994; Ozawa, 1998; Maeno et al., 1999) . Therefore, interactions of a-catenin linking the cadherin-catenin complexes to the actin cytoskeleton may be essential for full activation of cadherin-mediated adhesion. This is the first report indicating that the expression of a-catenin induces different phenotypes in threedimensional and two-dimensional cultures. Inhibition of cadherin-mediated cell adhesion following treatment with anti-E-cadherin antibodies demonstrates an effect similar to the loss of a-catenin, suggesting that both the homophilic interaction of cadherin extracellular domains and the linkage of the cadherin cytoplasmic domain to the actin cytoskeleton by a-catenin are necessary for growth suppression in three-dimensional culture. Comparative analysis of cell cycle regulators revealed decreased phosphorylation of p130, a member of the Rb protein family, in a-catenin-expressing cells only in three-dimensional cultures. Thus, p130 phosphorylation correlated with cellular proliferation.
Results
Reduced proliferation of cells in three-dimensional multicellular spheroids by a-catenin expression DLD-1/Da, which lacks endogenous expression of a-catenin, is derived from the a-catenin-sufficient DLD-1 human colon cancer cell line. Cadherinmediated cell adhesion is disrupted in this variant, despite the presence of the cadherin cell adhesion complex components, E-cadherin, b-, and g-catenin. aD cells are a stable DLD-1/Da variant expressing exogenous full-length human a-catenin, while nD cells are transfected with control vector (Ozawa, 1998) . To investigate cell growth in three-dimensional suspension culture, cells were plated at a density of 1.25 Â 10 4 cells per 16-mm well coated with 2% agar. Following 10 days of culture, cell number was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. aD cells demonstrated significantly reduced cell growth from the levels observed in control nD cells both in the presence or absence of FCS (Figure 1 ). The size of the cellular aggregates (see Figure 2c ), the packed volume of cells after centrifugation, and the total amount of protein (data not shown) also demonstrated the significant reduction in aD cell proliferation cultured in suspension.
In contrast, growth inhibition by a-catenin, observed as described above in three-dimensional cultures, was not detectable in monolayer cultures (see Figure 1 and Matsubara and Ozawa, 2001 ). Even after returning cells subjected to three-dimensional culture conditions to two-dimensional monolayer cultures, we could not detect any changes in cell phenotype, morphology, or growth rate (data not shown). Thus, cell differentiation is not likely to be the mechanism underlying this reduced proliferation.
Therefore, growth suppression by a-catenin occurs only in three-dimensional multicellular spheroids under specific culture conditions.
Identification of the region of a-catenin that confers the growth suppression in three-dimensional multicellular spheroids
To identify the region of a-catenin necessary to mediate growth suppression, we investigated the phenotypes of stable DLD-1/Da transfectants expressing a series of a-catenin deletion mutants (Matsubara and Ozawa, 2001 ). These a-catenin polypeptide variants contained the NH 2 -terminal b-/g-catenin-binding site with either the central or COOH-terminal region of the protein (Figure 2a ). Immunoblot analysis demonstrated that each transfectant expressed anti-a-catenin-or anti-HAreactive proteins of the expected size; the levels of expression did not fluctuate significantly between the transfected cells (Matsubara and Ozawa, 2001) . We also examined the association of the mutant polypeptides with the E-cadherin adhesion complex by co-iummunoprecipitation (Ozawa, 1998) .
Mutants containing the deletion of amino acids 203-611 of a-catenin (aDNM1) or of amino acids 382-906 (aDC4) suppressed cell proliferation from the levels observed for nD cells (Figure 2b and c) . In contrast, further deletion of amino acids 203-688 (aDNM2) or amino acids 303-906 (aDC6) did not reduce transfectant growth. These data indicated that both the central and COOH-terminal regions of a-catenin are dispensable for the antiproliferative effect. These regions appear to function redundantly in the inhibition of cell proliferation. In other words, the combination of the NH 2 -terminal b-/ g-catenin-binding site (amino acids 48-163; Obama and Ozawa, 1997) with either amino acids 203-381 or amino acids 612-906 can suppress the growth of transfectants, in comparison with a-catenin-deficient cells. All transfectants exhibiting reduced cell growth demonstrated compacted aggregation in multicellular suspension cultures; transfectants showing the same levels of cell growth as control nD cells were loosely adherent, existing as 'grape-like' aggregates in multicellular suspension cultures (see Figure 2a and Matsubara and Ozawa, 2001 ). Aggregate compaction (Kemler et al., 1977; Takeichi, 1977; Hyafil et al., 1980) results from a morphological change in which cells increase their adherence to each other, maximizing contact areas. This effect is associated with cadherin-mediated cell-cell adhesion (Vestweber and Kemler, 1985) , involving actin cytoskeletal forces (Surani et al., 1990) . Therefore, these transfected cells demonstrating a compacted morphotype suggest a link between the cadherin-catenin complex and the actin cytoskeleton. As a-catenin contains multiple interaction sites indicated in Figure 2a , both the middle and COOH-terminal regions may link the cadherin-catenin complex and the actin cytoskeleton via different proteins.
Taken together, the binding of a-catenin to the cadherin cell adhesion complex is necessary for the reduction of proliferation in three-dimensional cultures. Only a-catenin molecules capable of associating with the actin cytoskeleton and functional in cell-cell adhesion induce this growth suppression.
Anti-E-cadherin neutralizing antibodies induce disruption of compacted aggregation and simultaneously stimulated proliferation of a-catenin-expressing cells
To investigate if the homophilic interaction of the cadherin extracellular domain is required for the a-catenin-mediated reduction in cell proliferation in three-dimensional cultures, we disrupted the cadherinmediated cell-cell adhesion of aD cells using an anti-human E-cadherin antibody, SHE78-7. Addition of this function-blocking monoclonal antibody (mAb) to cultures disrupted cell-cell contacts, inducing decompaction (Watabe et al., 1994; Kantak and Kramer, 1998; St Croix et al., 1998) . Following treatment with blocking antibody, aD cells exhibited a nonepithelioid morphology on solid substrates, similar to the phenotype of nD cells (Matsubara and Ozawa 2001) . In the 
a-Catenin-dependent growth suppression in 3D culture S Matsubara and M Ozawa three-dimensional cultures after SHE78-7 treatment, aD cells appear as 'grape-like' aggregates, as seen with nD cells (Figure 3a ). Antibody concentrations ranging from 1 to 100 mg/ml altered morphology without any observable toxic side effects. Intercellular adhesion of aD cells was unaffected by treatment with control mouse IgG. SHE78-7 treatment of cultures increased the growth of aD cells in three-dimensional culture (Figure 3b ), paralleling the effect on intercellular adhesion. Therefore, both cell-cell adhesion via the homophilic interaction of cadherin extracellular domain and cytoplasmic linkage to the actin cytoskeleton via a-catenin are necessary for growth suppression in three-dimensional culture. In addition, treatment of PC-9 cells, an a-catenin-deficient cell line, with E-cadherin blocking antibody overcomes the suppressive effect of a-catenin expression on growth, resulting in cell dissociation and growth stimulation (Watabe et al., 1994) . These results clearly contrast the effect of a-catenin on apoptosis. Although the cell morphotype induced by both types of inhibition are quite similar, inhibition of cell-cell adhesion by blocking antibodies affects apoptosis differently than the inhibition caused by a a-catenin deficiency (Matsubara and Ozawa, 2001) . Homophilic interaction of cadherins is not required for increased resistance to apoptosis after sphingosine treatment.
The explanation for increased cell numbers of aD cells in the presence of anti-E-cadherin neutralizing mAb than those seen for nD cells is unknown, despite the reproducibility of these results. Similar differences in the proliferation of aD cells in comparison with nD cells were also observed upon culture of cells in two dimensions when assessed by cell counting after trypsin detachment (Matsubara and Ozawa, 2001) , although the modification of MTT assay cannot be excluded (see Materials and methods).
No sign of correlation between phosphatidylinositol (PI) 3-kinase or MAPK pathway and growth suppression of aD cells in three-dimensional culture A physical association between phosphatidylinositol (PI) 3-kinase and cadherin/catenin complexes is known to occur in cells (Carmeliet et al., 1999; Espada et al., 1999; Pece et al., 1999; Woodfield et al., 2001; Tran et al., 2002) ; PI 3-kinase and its downstream effector Akt/PKB plays a role in cadherin/catenin-activated cell signaling (Carmeliet et al., 1999; Pece et al., 1999; Tran et al., 2002) . Sustained activation of the Ras-MAPK pathway has also been observed in a-catenin-null epidermal cells and cultured keratinocytes (Vasioukhin et al., 2001) . To elucidate the molecular mechanism governing a-catenindependent growth suppression, we investigated the connection between the activities of these pathways and cell growth in three-dimensional culture.
To test the roles of the PI3K and/or MAPK signaling pathways in the proliferation of nD and aD cells in suspension culture, we treated cell aggregates with either LY294002, a potent inhibitor of PI3K, and/or PD98059, an inhibitor of the MAPK pathway. Treatment with either LY294002 or PD98059 inhibited cell growth in three-dimensional cultures (Figure 4a) . Thus, the proliferation of these cells is dependent on the activities of PI3K and Erk MAPKs. There was no significant difference, however, in the rate of inhibition between (Figure 4a ). These results do not support a role for the PI3K and/or MAPK pathways in specific growth suppression of aD cells in three-dimensional culture.
Western blot analysis confirmed these data; antibodies against activated (phosphorylated) Erk 1 and Erk 2 MAPKs detected similar levels of both phosphorylated enzymes in nD and aD aggregates, indicating that specific inactivation of Erk MAPKs is not the mechanism controlling the reduced proliferation of aD cells (Figure 4b) .
A shift to increased phosphorylation of p130 (Rb family protein) in nD cell aggregates Downstream of mitogenic signaling, the cell cycle is governed by the action of cyclin-dependent kinases (Cdks; Morgan, 1995) . Upon growth stimulation, a number of Cdks, including Cdk4/6 in association with D-type cyclins and Cdk2 in association with cyclin E, phosphorylate the Rb protein family late in G1 phase. This phosphorylation event triggers commitment of the cells to undergo DNA replication (S phase). Of the various cell cycle regulators, the Rb family of proteins acts as key players; loss or deregulation of these proteins causes hyperproliferation (Harbour and Dean, 2000) .
To identify a molecular mechanism responsible for the growth suppression of aD cells in three-dimensional culture, we undertook an analysis of cell cycle regulators. We detected the decreased phosphorylation of the pocket protein p130, a member of the Rb family, in aD cell aggregates (Figure 5a ). Although similar amounts of protein were detected in whole-cell extracts from nD and aD cell aggregates subjected to SDS-PAGE and probed for p130, there was a shift in the signal detected in nD cell aggregates to a slowly migrating form, corresponding to hyperphosphorylated p130. The relative intensity of upper (U in Figure 5b ) and lower (L in Figure 5b ) halves of p130 bands was determined by densitometry. The intensity of the upper half-band is obviously lower than that of lower half-band in the analysis of aD cell aggregates. On the contrary, a similar intensity between upper and lower halves was observed in nD cell aggregates (Figure 5b ).
To determine whether or not hyperphosphorylation decreases the electrophoretic mobility of p130 and causes the band shift, p130 protein was immunoprecipitated from nD cell extract and then treated with alkaline phosphatase. This treatment increased the electrophoretic mobility of p130 (Figure 5c ), indicating that dephosphorylation induces faster migration. Densitometry showed that the intensity of upper half is In all, 18 mg of protein per lane, obtained from whole-cell extracts, was subjected to Western blot analysis using antibodies against phosphorylated (activated) MAPKs and/or antibodies against p44/p42 (total) MAPKs. Anti-vinculin antibodies were used to identify fluctuations in total protein amounts a-Catenin-dependent growth suppression in 3D culture S Matsubara and M Ozawa significantly lower than that of lower half after treatment with phosphatase. Thus, the phosphorylation state of p130 shifted in nD cells to favor cell proliferation. In contrast, the hyperphosphorylated form of p130 was prominent in both nD and aD cells in monolayer cultures. No significant differences in the amount of phosphorylation could be detected. Therefore the phosphorylation patterns of p130 correlated with growth suppression of aD cells specifically in threedimensional culture.
Discussion a-Catenin-dependent growth suppression was induced by the change of culture condition, from two to three dimension Nontransformed cells are contact-inhibited upon reaching confluence in monolayer cultures. Although loss of contact inhibition is a classical hallmark of transformation, many tumor cell lines maintain a degree of cell-cell contact-dependent growth inhibition, referred to as contact-dependent growth inhibition/suppression (St Croix et al., 1998) . The involvement of a-catenin in this phenomenon, first reported by Watabe et al. (1994) , was recognized using an a-catenin-deficient cell line, smallcell lung carcinoma PC9. Restoration of a-catenin expression retarded cell growth. Interestingly, this cell line also displays weak attachment to tissue culture dishes, growing primarily as free-floating multicellular spheroids.
We transfected an a-catenin-deficient cell variant DLD-1/Da with a-catenin cDNA; grown in monolayer cultures (Matsubara and Ozawa, 2001 ). In addition to DLD-1/Da there are several additional cell lines, deficient in a-catenin, which have been used for reexpression experiments (Ewing et al., 1995; Bullions et al., 1997; Roe et al., 1998; Watabe-Uchida et al., 1998) . Nonetheless, only one cell line, an ovarian line with a deletion in the a-catenin gene, was reported to exhibit reductions in the growth rate in vitro after fulllength a-catenin expression (Bullions et al., 1997) . This differential effect of a-catenin on cell proliferation has been explained by the differences in cell characteristics. The weak attachment of the PC9 cells to culture dishes and the spherical nature of growing cells prompted us to examine the growth of DLD-1 cells, aD cells and nD cells, in three-dimensional suspension cultures. Transferring the cells from two-dimensional culture to threedimensional culture revealed a significant difference between the proliferation of aD cells and nD cells. In contrast to F9 embryonal carcinoma cells, previously used for the targeted deletion of an a-catenin allele (Maeno et al., 1999) , DLD-1 cells seems to exhibit no differentiation in three-dimensional culture. Therefore, growth suppression of aD cells did not result from a change in differentiation state, but from the change in growth conditions. This type of comparative experiment, examining the differences between three-and two-dimensional cultures, had not been previously a-Catenin-dependent growth suppression in 3D culture S Matsubara and M Ozawa performed to probe the function of a-catenin. As solid tumors typically grow as three-dimensional masses, our finding that expression of a-catenin reduces cell growth in three-dimensional culture likely more closely reflects the effects of this molecule in vivo than results from monolayer cultures. In many carcinomas in vivo, a-catenins are lost or downregulated, a factor that appears to have prognostic significance (Shimazui et al., 1997; Umbas et al., 1997; Anttila et al., 1998; Raftopoulos et al., 1998; Ropponen et al., 1999; Xiangming et al., 1999; Nakopoulou et al., 2002) . Three-dimensional culture of a-catenin-deficient colon cancer cells in collagen gels was examined by Vermeulen et al. (1995) . They described the colony formation by both a-catenin-expressing and -deficient cells and the differences in colony shape but did not mention the difference in growth rates. It is possible that collagen gels affect the growth rates of cells in three-dimensional culture. Interaction between the cells and extracellular matrix in three-dimensional culture remains to be investigated. The comparative analysis of three-and twodimensional cultures may also provide us with a useful tool to investigate a-catenin-derived signaling (see below).
Two distinct signaling from a-catenin
Previously, we reported that a-catenin expression in DLD-1/Da cells increases resistance to sphingosineinduced apoptosis (Matsubara and Ozawa, 2001 ). Treatment of a-catenin-expressing cells with anti-Ecadherin antibodies caused decompaction, but did not sensitize the cells to apoptosis. Thus, functional cell-cell adhesion is not required for resistance to apoptosis. In contrast, inhibition of cadherin cell adhesion by treatment with blocking antibodies exhibits a similar phenotype as the loss of a-catenin, suggesting that functional cell-cell adhesion is necessary for growth suppression in three-dimensional culture. The domains in a-catenin required for the reduction in cell growth correlated perfectly with the regions required for aggregate compaction. Thus, there are likely two distinct signaling pathways originating from a-catenin. In the latter case, a-catenin expression activates the cadherincatenin cell adhesion system; the activation of cell-cell adhesion and/or the reorganization of the actin cytoskeleton may generate signals regulating cell growth. In the former situation, a-catenin mediates the signals regulating apoptosis directly, not through its wellestablished role in cell-cell adhesion. An alternative explanation is that the growth suppression of DLD-1 cells requires two signals, one directly from a-catenin and another via cell-cell adhesion. The disruption of cell-cell adhesion removes one of these conditions, negating the growth suppression. Growing evidence, including our results and the analyses of cells from a-catenin-deficient mice (Vasioukhin et al., 2001) , support the idea that a-catenin has at least two functions, one in cell-cell adhesion and another that can be segregated from cell-cell adhesion.
Comparative analysis suggested that hypophosphorylation of p130 could explain the growth suppression of a-catenin-expressing cells in three-dimensional culture
To elucidate the molecular basis of a-catenin-mediated growth suppression, we analysed cell cycle regulators. We searched for changes in either expression or activation of regulators, which differed between aD and nD cells in three-dimensional cultures but not between aD and nD cells in two-dimensional cultures. We observed the decreased phosphorylation of the pocket protein p130, a member of the Rb family of proteins, in aD cells in three-dimensional culture. As no significant difference in phosphorylation between aD and nD cells in monolayer cultures were detected, this protein conformed to the above criteria. In general, phosphorylation of Rb family proteins triggers commitment to S phase. Therefore, decreased phosphorylation of p130 could underlie the suppression of cell growth in three-dimensional cultures.
Expression of p27kip1, an inhibitor of cyclin-dependent kinases, was also increased by a-catenin expression in three-dimensional cultures in approximately half of the experiments (see Figure 5a ). As increases in p27kip1 levels were also detected in two-dimensional cultures (Matsubara and Ozawa, 2001) , this change did not match the above criteria as a candidate molecule underlying the growth suppression in three-dimensional cultures. p27kip1 protein levels, however, are increased in three-dimensional cultures in both aD and nD cells (see Figure 5a) . Thus, the possibility cannot be excluded that these differences of p27kip1 levels in three-dimensional cultures may affect cell growth, while the levels in two-dimensional cultures are below the threshold needed to induce growth suppression. p27kip1 inhibits the activity of both cyclin D-cdk4/6 and cyclin E-cdk2, which can phosphorylate p130. In addition, this inhibitor is critical in the regulation of contact inhibition of nontransformed cells Polyak et al., 1994; Slingerland et al., 1994; Winston et al., 1996; Kato et al., 1997) . Consequently, p27kip1 levels may correlate inversely with the phosphorylation status of p130. While the reason for these differences in p27kip1 levels between aD and nD cells were not detected in portion of our experiments, the molecular mechanism(s) underlying the signal(s) from cadherin-catenin to p130 necessitate further investigation.
The effect of the PI3K inhibitor and the MAPK inhibitor indicated that the proliferation of DLD-1 cells depends on these signaling pathways. However, we could find no evidence to support the idea that the difference in activities of these pathways causes the growth suppression of aD cells in three-dimensional culture. Although the rate of inhibition with PD98059 was low because of the limitation of drug solubility, we also observed no difference of the amount of activated and total MAPKs between aD and nD cells. There was significant inhibition in the proliferation of aD cells after the treatment with LY294002 in three-dimensional culture (83.171.7% inhibition in comparison to aD control cells), while the cell number (absorbance in a-Catenin-dependent growth suppression in 3D culture S Matsubara and M Ozawa MTT assay shown in Figure 4a ) of aD cells looks similar to that of nD cells in the presence of the inhibitor. Therefore, we cannot conclude that the low activity of PI3K is responsible for the reduced proliferation of aD cells in three-dimensional cultures. Our results seem to be in conflict with a few results in the literature (see Results section). We cannot exclude the possibility that the differences in assay conditions or methods is responsible for the discrepancy. Recently, a junctional phosphatase, DEP-1/CD148, was implicated in the cadherin-dependent growth suppression (Grazia Lampugnani et al., 2003) . This phosphatase reduces phosphorylation of receptor tyrosine kinases, and modulates proliferative signaling. Growth factor receptors, its downstream effectors, and their modulators could be the targets in further analysis to clarify the molecular mechanism(s) underlying the signal(s) from cadherin-catenin to p130.
Materials and methods
Cell culture and measurement of cell growth DLD-1/Da cells, a DLD-1 human colon cancer cell line variant, were provided by Dr ST Suzuki (Kwansei Gakuin University, Sanda City, Hyougo, Japan) and grown as described (Ozawa, 1998) . The generation of stable transfectants of DLD-1/Da with a series of a-catenin constructs have been previously described (Ozawa, 1998; Matsubara and Ozawa, 2001 ). For multicellular suspension (three-dimensional) culture, cells were plated in 16-mm wells coated with 2% agar. To investigate cell growth, 1.25 Â 10 4 cells were plated with 0.5 ml culture medium in 16-mm wells and cultured for 10 days. On the fourth day, 0.5 ml fresh medium was added. On the seventh day, half of the medium (0.5 ml) was changed. Cell numbers were assessed by the MTT assay, described by Alley et al. (1988) . The blocking antibody specific for human E-cadherin, mouse mAb SHE78-7 (Takara Shuzo Co., Kyoto, Japan), was used at 2 mg/ml to disrupt E-cadherin mediated cell-cell adhesion. Bracke et al. (1997) described the possibility that MTT assay might be modified without alteration of growth. We examined cell growth, defined as the final number of DLD-1 cells remaining after 1-3 days in culture, both by directly counting the number of cells after trypsin detachment and by MTT assay. First we normalized MTT assay values to the cell numbers determined by counting (absorbance/cell number).
Then these normalized values were compared. The ratio of absorbance in the MTT assay for a-catenin-expressing DLD-1 cells with anti-E-cadherin antibodies to the values obtained for a-catenin-expressing DLD-1 cells without anti-E-cadherin antibodies (arbitrarily set to 1.00) was determined to be 1.1070.11. The ratio of absorbance in the MTT assay for a-catenin-deficient DLD-1 cells without anti-E-cadherin antibodies to the values obtained for a-catenin-expressing DLD-1 cells without anti-E-cadherin antibodies (arbitrarily set to 1.00) was determined to be 0.9170.17. Therefore, the growth differences in three-dimensional culture described in this paper are much larger than the above modification, if it existed. In addition Fukazawa et al. (1995) assessed cell growth by MTT assay and by [ 3 H]thymidine incorporation into DNA. They described that the ratio of cell growth between attached cells in two-dimensional culture and cell aggregates in suspension culture of each cell lines was comparable in the two methods.
Immunoblotting
After two washes in ice-cold PBS, cells were lysed in SDS sample buffer (Laemmli, 1970) and boiled for 5 min. Following SDS-PAGE (7% polyacrylamide in upper half and 11% polyacrylamide in lower half), proteins were transferred to nitrocellulose membranes. Proteins were detected as described (Ozawa, 1998) with the following antibodies: anti-p130 polyclonal antibody (0.8 mg/ml, Santa Cruz Biotechnology C-20, Santa Cruz, CA, USA), anti-p27kip1 mAb (0.5 mg/ml, Transduction Laboratories, Lexington, KY, USA), antiphosphorylated (activated) MAPKs, Erk 1, and Erk 2, mAbs (2.0 mg/ml, Santa Cruz Biotechnology E-4, Santa Cruz, CA, USA), anti-(total) MAPKs, Erk 1, and Erk 2, polyclonal antibodies (1/1000 dilution, Cell signaling Technology, Beverly, MA, USA), and anti-vinculin mAbs (8.4 ng/ml, Sigma, St Louis, MA, USA). Blots were quantified with a scanner (EPSON ES-2000) and NIH Image 1.62 f software.
Immunoprecipitation and phosphatase treatment
Immunoprecipitation and treatment with alkaline phosphatase was carried out as described previously (Ohkubo and Ozawa, 1999) .
